Enhancement of optical response with high-index dielectric nanoparticles is attributed to the excitation of their Mie-type magnetic and electric resonances. Here we study Raman scattering from crystalline silicon nanoparticles and reveal that magnetic dipole modes have much stronger effect on the scattering than electric modes of the same order. We demonstrate experimentally a 140−fold enhancement of Raman signal from individual silicon spherical nanoparticles at the magnetic dipole resonance. Our results confirm the importance of the optically-induced magnetic response of subwavelength dielectric nanoparticles for enhancing light-matter interactions.
The key elements of all-dielectric nanophotonics are high-index nanoparticles [13] [14] [15] [16] [17] [18] [19] [20] that support optically-induced Mie-type resonances in the visible without large dissipative losses inherent to metallic nanostructures. More specifically, magnetic dipole resonances have been implemented to enhance the performance of nanoantennas, 21 photonic topological insulators, 22 broadband perfect reflectors, 23 waveguides, 24 cloaking devices, 25 as well as dispersion control 26 and enhanced nonlinear effects. [10] [11] [12] An important question is how Mie-type resonances would influence other scattering optical processes, in particular, the Raman scattering of light.
As is well known, many semiconductor materials (including crystalline silicon) demonstrate their own Raman signal contrary to noble metals. 27 Previous studies of enhanced Raman scattering in silicon nanoparticles have been limited mainly to dense nanoparticle clusters prepared without a specific control of their shape and size, 28, 29 or much larger structures such as waveguides or whispering-gallery-mode resonators. [30] [31] [32] Here, we study Raman scattering from silicon nanoparticles in the vicinity of the Mie-type electric and magnetic resonances (see Fig. 1 ) and demonstrate a substantial enhancement of the Raman signal that depends on the size of nanoparticles. We observe experimentally almost two orders of magnitude enhancement from individual nanoparticles at the magnetic dipole resonance, and we reveal pure electromagnetic contribution into this enhancement excluding possible influence of structural effects. 29, 33 To describe the enhancement of Raman scattering and analyze the role of the electric and magnetic Mie resonances of a silicon nanoparticle, we employ the rigorous Green tensor approach.
R a m a n s i g n a l Ideologically, our theoretical approach is based on earlier related studies. 28, 34 In this framework, we first determine the spatial field distribution E exc (r) inside the nanoparticle at the excitation frequency created by an external source. Assuming that a spherical nanoparticle in free space is illuminated by a plane wave, we represent the normalized electric field inside the nanoparticle as a series of vector spherical harmonics: 35
where c n and d n are the Mie coefficients, M
o1n and N (1) e1n are the orthogonal vectorial spherical harmonics, and E n = i n (2n + 1)/[n(n + 1)]. The excitation field distribution at each point inside the medium defines the Raman polarization oscillating at the Stokes frequency ω s according to
where χ s is the scalar Raman susceptibility, andα j is the Raman polarizability tensor represent-ing the threefold degenerate transverse optical (TO) phonon mode excitation. 27, 36 Induced Raman polarization, in turn, produces an electromagnetic field at the observation point r 0 given by
VĜ s (r 0 , r) P s (r) d 3 r, whereĜ s (r 0 , r) is the Green tensor at the Stokes frequency accounting for the Si nanoparticle and integration is carried out over the nanoparticle volume V .
Finally, the collected signal at the point r 0 is presented in the form:
where summation is performed over the three degenerate TO phonon modes. Since the Raman scattering is a spontaneous process (until we enter the stimulated Raman scattering regime), the induced polarization P s is not coherent across the whole particle. Therefore, in Eq. (3), the averaging is carried out over all possible realizations of the Raman polarization P s . Taking into account that the correlation length of the Raman scattering in silicon L c is of the order of tens nanometer and much less than the nanoparticle diameter, we approximate the correlation of the Raman polarizability tensors by the Dirac delta function α j (r 1 ) ⊗α j (r 2 ) ∼ δ (r 1 − r 2 ). Under this assumption, Eq. (3) reduces to
Expression (4) can be simplified with the use of the single-mode approximation. First, we notice that the electromagnetic response of an optically small Si nanoparticle at the excitation wavelength is dominated by a single magnetic or electric multipole resonance depending on the particle radius. 15 Therefore, we can keep only one resonant term in Eq. (1) and represent the electric field inside the nanopartice as E exc ≈ E n c n M
o1n , for the n−th magnetic resonance, and
e1n , for the n−th electric resonance, respectively. Furthermore, since the Raman shift in silicon is small compared to the linewidth γ of Mie resonance at ω 0 , the main contribution to the Green tensor is provided by the same eigenmode of the system. Therefore, expanding the Green tensor in the series of eigenmodes 37 and keeping only the resonant term, we obtain
where u (r) is the spatial field distribution of the eigenmode, and N 2 = Reε (r) |u (r)| 2 d 3 r is the normalization constant. Finally, integrating the expression (5) over the whole volume V of the nanoparticle, we arrive at the following simple expression describing the Raman signal enhanced by a single Mie resonance:
where s n stands for the Mie coefficient, either c n or d n of the corresponding mode. The above expression clearly shows that the total enhancement of Raman scattering depends on two factors:
the enhancement of the excitation field inside the medium, and the Purcell enhancement of the Raman dipoles radiation. 38 The two key parameters entering Eq. (6) are the resonance frequency ω 0 and the resonance linewidth γ. The resonance frequency can be easily estimated numerically, while for the estimation of the resonance linewidth one can employ analytical expressions from Ref. 39 Substituting these values into Eq. (6), we obtain the desired spectrum of Raman scattering enhanced by the resonances of a silicon sphere. This spectrum (normalized by the particle volume V = 4πR 3 /3) is plotted in Fig. 2 similar fullwidth (4-5 cm −1 ). 41 It is worth noting that the silica substrate does not affect Raman peak of the silicon nanoparticles, whereas confocal scheme for Raman scattering measurements allows to study response from a single nanoparticle (see Supplementary material).
The measured Raman scattering signal from individual nanoparticles exhibits extremely strong dependence on their size and color in the dark-field images (Fig. 3b) . (Fig. 4) .
Such a dependence exhibits a pronounced maximum with a peak EF ≈140 at D/λ Si ≈ 1, i.e. near the magnetic dipole resonance. This value is 5-7 times larger than EF for the electric dipole. Insets in Fig. 3a provide an illustrative interpretation of this enhancement. At the MD resonance, a larger farction of electromagnetic energy is stored inside the nanoparticle, thus increasing total Raman polarization and emission. Corresponding theoretical calculations for perfect spherical c-Si nanoparticles predict even larger difference between MD and ED (∼ 10), which is not perfectly matched with our observations owing to the existence of nanoscale deviations and few-nm natural oxide layer. 42, 43 Nevertheless, the Raman signal enhancement in the vicinity of MD is in excellent agreement with our model. The data shown in Fig. 4 is limited to nanoparticle diameters D/λ Si < 1.3 as our fabrication method does not allow to make larger particles without pronounced ellipticity. At the same time, even small deviation from the spherical shape leads to suppression of the MQ resonance. 42 In conclusion, we have shown that the magnetic dipole mode of silicon nanoparticles has much stronger effect on Raman scattering as compared with the corresponding electric mode. In par- HeNe laser or a 532-nm Nd:YAG laser. The exciting radiation is focused on the nanoparticles through an objective (Mitutoyo M Plan APO VIS, 100x, NA=0.9); the Raman-scattered light is collected by the same objective, the excitation light is filtered by an edge filter and sent to the same spectrometer with a 600-g/mm diffraction grating.
Modeling of scattering spectra in the dark-field scheme. The calculated geometry in the discreet-dipole approximation method is modeled as a set of interacting dipoles of c-Si, forming a silicon sphere with a given diameter on a flat fused silica substrate. Properties of the dielectric nanoparticles in the optical frequency range and the distribution of the electric fields in its vicinity are studied numerically using CST Microwave Studio. The CST Microwave Studio is a full-wave 3D electromagnetic field solver based on finite-integral time domain (FITD) solution technique. A nonuniform mesh is used to improve an accuracy in the vicinity of the Si nanoparticles where the field concentration is significantly large and inhomogeneous.
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